Abstract: We proposed a terahertz (THz) surface plasmon resonance (SPR) sensor with Kretschmann coupling configuration with buffer layer covered substrate containing doped monolayer graphene (MLG) directly deposited onto the coupling prism. The performance of the SPR sensor in terms of detection accuracy, sensitivity and figure of merit (FOM) were investigated by applying angular interrogation technique. The results demonstrated that the prism/substrate/graphene coupling structure has higher detection accuracy after coating a low-permittivity buffer layer underneath graphene. Moreover, the sensitivity of sensor could be enhanced using larger refractive index substrate. Furthermore, this proposed structure could effectively overcome the challenge that sample preparation with a small thickness needs to be maintained in Otto geometry based sensor. The results showed the maximum sensitivity of the THz plasmonic sensor up to 49.5 deg/RIU along with a FOM of 8.76 RIU -1 . The prominent characteristics of the proposed structure would pave the way for high-performance THz plasmonic sensors.
Introduction
Terahertz (THz) and plasmonics technologies have attracted particular attention due to their unique properties and advantages, which have inspired a series of intriguing applications in gaseous, biological and chemical sensing [1] , [2] . THz radiation (0.1 THz-10 THz) has strong penetrability to most of wrappers and non-ionizing materials, and the technology has become an effective mean in non-invasive security inspection [3] . For many macromolecules, their collective vibrational and rotational modes are locating in the THz region [4] , [5] , making THz technology advantages for biosensing. The collective oscillations of free charge carriers at the interface of metal-dielectric with permittivities of opposite sign give rise to surface plasmon polaritons (SPPs) wave propagating along the interface [6] , [7] . At the same time, the resonant coupling between SPPs result in surface plasmon resonance (SPR) and these SPPs waves are confined to the interface within subwavelength. The confined region exhibits strong electromagnetic field intensity which is found to be extremely sensitive to the changes of the dielectric environment contacting the metal surface [8] , [9] . Moreover, a highly confined field exhibits a strong interaction between the radiation and analyte. Because of these unique characteristic, SPPs have been increasingly studied for sensing applications, especially in biology and biochemistry fields [10] . This SPR sensing technique offers the ability to detect biological and chemical samples and analyze the interactions of biomolecular with the benefits of label-free and real time monitoring of the kinetics of biological processes [11] - [13] . Due to the high sensitivity of detection of the refractive index and strong optical absorption, the SPR technique also plays an important role in biophysics.
In principle, the THz SPR technology combines the specialties of unique signature of THz spectra and high sensitivity of SPR, which has a huge advantages in sensing fields. However, most conventional noble metals, like gold and silver resemble a perfect electric conductor for their intrinsic plasma frequencies lies in the ultraviolet frequency region. Therefore, they can't support highly confined SPPs wave in THz region, which is one of key factors limiting the THz SPR technology used in a very diverse range of sensing applications. In order to overcome the limitation of low frequency waves, THz plasma devices use metal surfaces structured with nanoholes or nanorods and periodic grooves to locate and control surface modes of spoof SPPs [14] - [17] . These structured surfaces have a lower effective surface plasma frequency and can support highly confined spoof SPPs wave in THz region. Also, artificially designed metamaterials, such as split-ring, cross and complementary cross-sheet metal array have been proposed to reproduce the optical SPP behaviour in THz region [18] , [19] . But these spoof structured surfaces or metamaterials have bulky size and complex design, which cannot be actively tuned; what's more, their sensitivity for sensing need to be further improved.
In the past few years, Graphene emerging as a two dimensional (2D) crystal of carbon material has stimulated a great research interest in photonics and optoelectronics due to its unique optical and electronic properties [20] . Graphene has been found to support highly confined SPPs wave modes at mid-infrared and THz region [21] . Because of the 2D nature of graphene, the confinement of SPPs wave near graphene surface is stronger than that on metallic surface, which can greatly promote light-matter interactions [22] . Moreover, graphene can increase the adsorption of organic molecules due to π-π stacking on graphene surface. Furthermore, the plasmonic properties can be actively tuned by electrical and chemical doping in real time [23] , [24] . So graphene is a suitable alternative to the conventional noble metals, which can be potentially used to sensing. However, plasmons excitation on graphene remains major drawbacks with the relatively large momentum mismatch between the light photons and plasmons. Experimentally, periodically patterned graphene structures, like micro-disks [25] or nano-disks [26] and micro-ribbons [27] or nanoribbons [28] have been used for the excitation of plasmons on graphene. Although the ultrahigh carrier mobility of 230000 cm 2 (V −1 s −1 ) has been observed in high-quality suspended monolayer graphene (MLG) [29] , the lithography process necessary for fabricating periodically patterned graphene structures may severely deteriorate the mobility, thus leading to a big loss. Moreover, theoretical studies have demonstrated that plasmons on continuous MLG can be excited at THz region with a high-index coupling prism [30] . Furthermore, doped MLG based THz plasmonic sensor with Otto configuration have been proposed for the refractive index sensing of analyte [31] , [32] . But sample preparation suffers a major challenge due to the small gap that needs to be maintained in Otto geometry, which restricts its real world sensing applications.
In the present work, a Kretschmann coupling configuration with a substrate (in which a thin buffer layer was covered on its surface to construct a relatively gentle contact for graphene) containing doped monolayer graphene directly deposited onto the coupling prism, is proposed for THz plasmonic sensing. Finite element electromagnetic simulations show that the strong electric field confined in the vicinity of graphene surface at the resonant angles. It has also been shown that the plasmonic properties can be modulated by tuning carrier mobility, Fermi energy level, and substrate thickness. More importantly, the disadvantage of analyte preparation with a specific thickness in presence of Otto configuration is overcome effectively. The prominent characteristics of our proposed structures would pave the way for high-performance THz plasmonic sensors.
Structural Design and Physical Mechanism of THz Surface Plasmon Resonance Sensors
The structure of the proposed Kretschmann coupling configuration based THz SPR sensing system was shown in Fig. 1(a) . The substrate with thickness t s directly deposited onto the coupling prism with a high refractive index of n p = 4 [33] . A thin layer of NFC (NFC is a derivative of polyhydroxystyrene that is non-conducting and conventionally used as a planarizing underlayer in lithographic processes [34] , [35] . It can be diluted in propylene glycol monomethyl ether acetate, and spin-coated onto the surface. The dilution and spin speed can be adjusted to control the desired thickness and uniformity of the buffer layer [35] .) with thickness of t b = 20 nm and a refractive index of n b = 1.535 [34] was spin-coated on the top of substrate as a buffer layer to construct a relatively gentle contact for graphene. Subsequently, a sheet of graphene with thickness of t g = 0.5 nm [37] was transferred onto the top of the buffer layer. The analyte layer was directly put on the graphene film surface when operating this sensing system.
A transverse magnetic (TM) polarization THz wave that has a wavevector k p (where
⊥ , k and k ⊥ are the parallel and perpendicular components of k p ) was injected with the internal incident angle θ i n from a facet of prism and then the evanescent wave created by total internal reflection at the bottom of prism. When the condition of momentum matching is fulfilled, i.e.,
where k spp is the parallel components of SPP wave. There would be a strong interaction between light and the analyte. After that the modulated THz radiation would reflect off prism base and exit to the other facet of prism where the modulated radiation would be detected. The detected reflection spectrum variation showed a sharp minimum at the optimum resonance angle and the optimum resonance angle will drift with the changes of analyte. Thus, the dielectric parameters of analyte on graphene sheet could be detected by measuring the reflection spectrum. At low THz regime, intraband scattering dominates in highly doped graphene and its surface conductivity can be approximated by a Drude model as [22] , [38] 
where ω is the incident light angular frequency, e is the charge of an electron,h is the reduced Planck constant and E F is the Fermi level energy of graphene, as high as E F = 1 − 2 eV has been recently realized [24] , [39] ; The damping constant = τ −1 = ev 2 F /μE F , where v F = 10 6 m s −1 is the Fermi velocity, μ is the carrier mobility and τ is the intrinsic relaxation time (e.g., τ = 10 −12 s for μ = 10000cm 2 (V −1 s −1 ) and E F = 1eV). The equivalent dielectric constant of graphene can be given as
where ε 0 is the permittivity of vacuum; For highly doped MLG,
, where ε g and ε g are the real and imaginary parts of ε g . This is why highly confined SPP modes may be supported by graphene at THz regime [30] . By matching the boundary conditions for the SPR system as shown in Fig. 1(a) , the dispersion relation of SPP can be derived as [21] , s) , the perpendicular components of the SPP wavenumber
into Eq. (4) yields the approximation [39] 
From this expression, we can see clearly that the SPP wavenumber increases with increasing n a or n s but it decreases with the increasing E F at a certain frequency. In this work, in order to determine the reflectance for various SPR resonance angles in different circumstances, we designed 2D simulation models by using COMSOL Multiphysics as shown in Fig. 1(b) . The periodic boundary was used for simulating an infinite sensing device in the horizontal directions. Moreover, the periodic port was applied to inject TM-polarized THz wave with a frequency of 5 THz. Furthermore, the graphene film was modelled using the Drude model and the perfectly matched layer (PML) was set in the vertical direction of analyte layer to achieve absorbing boundary conditions. It is noted that the incident light with a specific frequency of 5 THz and other physical and geometrical parameters were set as mentioned previously in our simulations. From the inset of Fig. 1(b) show at lower right corner, we could see the obvious enhancement of the electrical field in the vicinity of graphene surface at the resonant angle which further verifies that graphene could support highly confined SPP modes at THz frequencies.
Results and Discussions
The sensing detection accuracy (DA) is defined as the reciprocal of FWHM, which is roughly proportional to k spp [30] . From Eq. (5), we can easily find that the k spp is proportional to τ
F /μE F ) but is inversely proportional to E F at a specific frequency. So there are two ways to increase the sensing DA, one is to elevate the doping levels of graphene, the other is to improve the quality of graphene, i.e., by increasing μ. The carrier mobility ranges between 2000 and 25000 cm 2 (V −1 s −1 ) has been reported in unsuspended devices [29] . The reflectivity spectra with various carrier mobility from 5000 to 25000 cm 2 (V −1 s −1 ) at E F = 1.0 eV and n a = 1.0 as shown in Fig. 2 . It is noted that we have set the substrate as MgF 2 with a refractive index n s = 1.36 [40] and thickness t s = 8 μm for our simulations. It is obvious that the FWHM decreases with increasing μ while the angular position of the resonance dip remains approximately constant. From the bottom right corner inset of Fig. 2 , we can see that the FWHM reduces from 4.62°for μ = 5000 cm 2 (V −1 s −1 ) to 1.60°for μ = 25000 cm 2 (V −1 s −1 ). The curve of ε g and ε g versus μ at f = 5 THz as shown in the upper right corner inset of Fig. 2 indicates that the ε g changes a little with increasing μ. This is why the angular position of the resonance dip remains approximately constant. But the ε g is inversely proportional to μ, explaining the lower loss and smaller FWHM for a graphene with a higher μ at a fixed resonant frequency. Our simulations also show that the effect of the thin buffer layer on the position, width and magnitude of the resonance dips is only marginal. The upper part of Fig. 3 shows the simulated reflectivity spectra with different thicknesses of buffer layers at n b = 1.535. It can be seen that the angular position of the resonance dip slightly shift while the width and magnitude of the resonance dips keep almost unchanged as tinily increasing the thickness of buffer layer due to the additional minuscule increase in the effective refractive index of substrate. However, if the thickness of buffer layer is too large, it will has a greater impact on the resonance dip; It is to be noted that t b = 20 nm was used in the following discussions. The lower part of Fig. 3 shows the simulated reflectivity spectra with various refractive index of buffer layers. It is clear that the effect of refractive index of thin buffer layer on the position, width and magnitude of the resonance dips is also only marginal as increasing of refractive index n b on account of the additional minuscule increase in the effective refractive index of substrate. So the effects of thin buffer layer on the performance of the SPR sensor can be ignored. But lab studies have shown that the addition of a low dielectric constant polymer buffer layer (NFC) between graphene and dielectrics helps to minimize mobility degradation [35] . Therefore, the DA of sensor can be improved after coating a low-permittivity buffer layer underneath graphene. Recent developments in the large-area synthesis and transfer techniques of high-quality graphene films grown on metal substrates make the fabrication of devices with improved performance possible [41] , [42] . Moreover, the width of reflectivity spectra narrows as the increase of graphene layer, i.e., the detection accuracy of the sensor can be improved by increasing graphene layer has been reported in the literatures [30] and [32] . However, more layers of graphene will also result in lower sensitivity and FOM. Thus, the sensor with monolayer graphene have a preferable performance in sensing [32] . It is noted that μ = 10000 cm 2 (V −1 s −1 ) [43] was used in the following discussions. In the proposed structure, the thickness of substrate t s has a great effect on the detection sensitivity of SPR measurement. We plotted the reflectivity spectra for various t s from 3.5 to 9.5 μm and calculated the value of FWHM with different t s as shown in Fig. 4 . We can see clearly that angle of the attenuated total reflection (ATR) minimum decreases from 45.0°at t s = 3.5 μm to 37.2°at t s = 9.5 μm. For a smaller t s , stronger coupling with the prism gives rise to a more profound angular shift of the optimal resonance angle from the angle sin −1 (n spp /n p ) [30] (n spp is the effective mode index of SPP, n spp = k spp /k 0 ). So resonance angle increases with reducing t s . Moreover, the width of the resonance is broadened by radiative damping of SPP wave that couple back to the prism as freely propagating photons [30] . For this reason, the FWHM is inversely proportional to t s , which reduces from 6°to 2.45°as shown in the inset of Fig. 4 . Furthermore, the minimum reflectance decreases at first and then increases with increasing t s . It is close to 0 at the optimal thickness t s = 5.5 μm, which was used in the following discussions. The optimal t s is determined by the compositive effects from extension of evanescent wave on prism base and the confinement of SPP wave. The extension of evanescent wave defined as the decaying length to 1/e, could be [17] . Thus, there exists an optimal t s for which the inject light will be coupled into the SPP completely at given conditions. As mentioned above, the SPP wavenumber can be effectively tuned with Fermi energy level in graphene. In order to further explore the effect of Fermi energy level on the DA of sensing system, we plotted the reflectivity spectra with varying Fermi energy level as shown in Fig. 5 . It can be seen that the optimal resonance angle decreases from 65.5°at E F = 0.6 eV to 32.6°at E F = 1.4 eV. This agree with our analysis above, the higher E F the smaller k spp at a given frequency. Therefore, the higher E F will lead to smaller resonance angle. However, the FWHM decreases at first and eventually leveling off but not decreases all the time with increasing E F as shown in the inset of Fig. 5 . From our previous analysis, we can found that L 1 and L 2 increase with increasing E F gives rise to the increase of the optimal t s . Though the FWHM can be minimised by increasing E F , the smaller t s results in a broaden FWHM at the same time. As a result, the sensing DA can't be improved all the time with increasing E F .
We then investigated the reflectance spectra with varying refractive index of analyte n a as shown in Fig. 6(a) . The optimal resonance angle increases from 40.0°at n a = 1.0 to 51.5°at n a = 1.4. Correspondingly, the minimum reflectance increases from 0.5% to 36.5%. Combined Eq. (1) and Eq. (5), it can be found that the optimal resonance angle increases due to the fact that the SPP wavenumber increases with increasing n a at a given frequency. From Fig. 6(b) , we can see that the FWHM decreases with increasing n a at lower n a , which doesn't agree well with the theoretical analysis in Eq. (5) . From our previous analysis, we can found that L 1 and L 2 decreases with increasing n a leads to the decrease of the optimal t s . Thus, this phenomenon may be attributed to the larger t s (which results in a smaller FWHM) have more profound impact than broader FWHM from k spp at lower n a . In order to calculate the FOM (defined as the ratio of sensitivity to FWHM, i.e., F O M = S n /F WH M ) of the sensor with different n a , a linear fitting is performed for the scatter data of the analyte refractive index and its corresponding optimal resonance angle as shown in Fig. 7 . The function of fitting line is given as f MgF 2 = 28.5n a − 10.9. The slope of fitting line can be approximated as the sensitivity of the sensor (defined as the ratio of the change in resonance angle with the change in refractive index, i.e., S n = (δϕ SPR )/(δn s )), i.e., S 1 = 28.5 deg/RIU. The calculated results as shown in Fig. 6(b) . The FOM are varied between 6.84 RIU -1 and 7.52 RIU -1 , which are higher than reported in the literature [19] , [44] .
To further investigate the effect of substrate dielectric constant on sensing performance, we also adopted some common substrates, e.g., polymethylmethacrylate (PMMA, n s = 1.45) [45] , polystyrene (PS, n s = 1.5) [45] , NFC and ion gel (n s = 1.73) [25] . Their corresponding reflectivity spectra as shown in Fig. 8(a) . The optimal resonance angle increases from 40.0°for n s = 1.36 to 57.5°for n s = 1.73 and the minimum reflectance are varied between 0 and 14%. The variation of FWHM with different n s were plotted in Fig. 8(b) , which increases from 3.88°for n s = 1.36 to 5.65°f or n s = 1.73. It is clear that the variation trend of the optimal resonance angle and FWHM with n s at a specific frequency, which are agree well with the theoretical analysis in Eq. (5). We also obtained other scatter data of the analyte refractive index and its corresponding optimal resonance angle for varying substrates using finite element method as shown in Fig. 7 . Similarly, the function of fitting lines can be acquired by linear fittings of these scatter data, e.g., f PMMA = 30n a + 12.9; f PS = 32 + 12.9; f NFC = 33.5n a + 12.9 and f ion−gel = 49.5n a + 6.6. It is obvious that the slope of fitting lines increases with increasing n s , i.e., the sensitivity of sensor can be enhanced using larger refractive index substrate. The maximum sensitivity is 49.5 deg/RIU at n s = 1.73 in our simulations which is higher than reported in the literature [46] . Fig. 8(b) , which are also higher than reported in the literature [19] , [44] .
Conclusion
In summary, we have demonstrated a graphene/insulator stack based ultra-sensitive THz plasmonic sensor with Kretschmann configuration, which overcomes the shortcoming that analyte preparation with a small thickness needs to be maintained in Otto structure based sensor. The influence of carrier mobility of graphene and refractive index of analyte and substrate on the performance of sensor is investigated in detail. The results show that the detection accuracy is proportional to the carrier mobility of graphene and that the proper increase of doping of graphene can also enhance the detection accuracy. In addition, the FOM are varied between 6.84 RIU -1 and 7.52 RIU -1 when n a increase from 1 to 1.4 at n s = 1.36. Furthermore, the sensitivity and FOM of sensor can be improved using larger refractive index substrate in our proposed structure. A high sensitivity of 49.5 deg/RIU and a FOM of 8.76 RIU -1 has been obtained simultaneously for n a = 1.0 at n s = 1.73. In the future experiments, the growth and transfer of large-area graphene could be performed using conventional chemical vapor deposition (CVD) and wet-etch methods reported previously [41] , [42] . The substrates should be spin-coated with 20 nm of commercially available organic buffer layer (NFC) [35] before the transfer. A commercial instrument (TeraPulse 4000, TeraView) equipped with reflection module (containing a compact fiber-coupled photo-conductive semiconductor emitter and receiver) with variable incidence angles could be used for generating and detecting THz waves. The introduction of Kretschmann coupling configuration on graphene SPR sensor provides a promising approach for high performance plasmonic sensor in the THz frequencies.
